INTRODUCTION
============

Spinal cord injury (SCI) frequently leads to central neuropathic pain that is long-lasting and may cause a road block in the process of rehabilitation. Furthermore, neuropathic pain after SCI is usually refractory to conventional analgesic treatments and adequate control of central pain has remained a challenge \[[@B1],[@B2]\]. The most potent analgesics, opioids, have been used for the alleviation of pain in clinical practice, but the neuropathic pain following SCI is known to be insensitive to opiate treatment \[[@B3],[@B4]\]. In some cases central neuropathic pain may respond to opioid, but it often requires high doses that result in severe side effects \[[@B5]\]. Although there have been many research trials aiming to achieve effective therapeutic management or to develop novel agents for neuropathic pain, the results to date have shown limited success with serious accompanying side effects.

Cholecystokinin (CCK) is present in many areas of the central nervous system (CNS) and is known to reduce the antinociceptive efficacy of opioids \[[@B6],[@B7]\]. Our previous report showed that expression of *CCK* mRNA, but not that of the CCK receptor, is increased after SCI using a spinal hemisection model \[[@B8]\]. Increased expression of CCK mRNA has also been reported in other types of experimental SCI models \[[@B6],[@B7]\]. Previous reports, including studies from our laboratory, have demonstrated that neuropathic pain after SCI can be reduced by inhibition of CCK activity in rats \[[@B6],[@B8],[@B9]\]. Behavioral signs of pain upon mechanical stimulation were significantly reduced by systemic and intrathecal administration of the CCK blocker CI-988 \[[@B8]\].

Several studies have reported that CCK decreases the antinociceptive potency of morphine in rats with SCI \[[@B10],[@B11]\]. In contrast, blocking CCK enhances the antinociceptive efficacy of morphine in different kinds of experimental pain models \[[@B9],[@B10],[@B12]\], indicating that CCK may modify opioid sensitivity in neuropathic pain states. In fact, the combination effects of morphine and CI-988 have already been reported in different types of pathologic pain conditions such as carrageenan-induced inflammation \[[@B13]\], peripheral nerve injury \[[@B7]\], and diabetic neuropathy \[[@B10]\]. However, there is no report on the role of the spinal CCK in opioid insensitivity for neuropathic pain after SCI due to lateral hemisection. Thus, the aim of this study was to characterize the interaction of morphine and CI-988, a highly selective CCK-B receptor antagonist, in the treatment of neuropathic pain following SCI.

METHODS
=======

All experimental procedures were performed in accordance with guidelines set by the Korea University College of Medicine Animals Research Policies Committee. Male Sprague-Dawley rats (N=80, weight 150\~200 g at the time of operation) were used for this experiment. The animals were kept in a 12-hour light/12-hour dark cycle with light on at 7:00 A.M.

Under enflurane anesthesia (4% enflurane and 95% O~2~), a longitudinal incision was made exposing several levels of vertebrae, laminectomy was performed, and then the spinal cord was hemisected at T13 on the left side with a no. 11 blade scalpel. The wound was closed in anatomical layers, and the skin was closed with stainless steel wound clips.

Behavioral tests for motor function and hindlimb withdrawal threshold to mechanical stimulation were performed preoperatively and postoperatively. The tests were performed on each rat 1 day prior to surgery and 1, 4, 7, 14, and 21 days postoperatively (PO), and before the study of drug effects. Rats that showed a small degree of mechanical allodynia or contralateral hindlimb motor deficits were excluded.

Paw withdrawal threshold was assessed by measuring the threshold of brisk paw withdrawal response to graded mechanical stimulus with a series of von Frey filaments (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10 g; Stoelting, Wood Dale, IL, USA). The rat was placed under a transparent plastic dome (28×10×10 cm) on a metal mesh floor and a von Frey filament was applied for 3\~4 sec to the plantar surface of each hind paw while the filament was bent. The 50% withdrawal threshold was determined using the up-down method starting with the 2.0 g (4.31 mN) strength of filament, which is in the middle of the series of 8 von Frey filaments with logarithmically increasing stiffness (0.41\~15.10 g). A withdrawal response led to presentation of the next weaker stimulus, and lack of withdrawal led to presentation of the next stronger stimulus. Stimuli were presented at intervals of several seconds. A brisk foot withdrawal to von Frey application was regarded as a positive response. Interpolation of the 50% threshold was carried out according to the method of Dixon \[[@B14]\].

To exclude the possibility that motor impairment might contribute to changes in withdrawal threshold during testing, a modification of the combined behavioral score (CBS) of Gale et al. \[[@B15]\] was performed at the time of the behavioral test. The CBS assigns a weight to each of the tests and combines them into one total score that represents the degree of motor impairment. The tests were motor scores, toe spread, righting reflex, extension withdrawal reflex, placing reflex, and inclined plane. Neurological function was evaluated by a scoring system that ranged from 0 for a normal rat to 90 for a completely paralyzed rat.

To determine the effect of intrathecally (IT) administered drugs on paw withdrawal threshold the rats were implanted with a catheter 3 weeks after hemisection. During this period motor function in hemisected rats recovered and the paw withdrawal threshold to mechanical stimulation decreased, as described in our previous report \[[@B8],[@B16]\]. Under enflurane anesthesia (4% enflurane and 95% O~2~), the occipital muscles were separated from their attachment point and retracted caudally to expose the cisternal membrane at the base of the skull. Sterilized PE-10 tubing was threaded through an incision in the atlanto-occipital membrane to the 1 or 2 segments rostral to the hemisection site (5.5 cm). Animals showing evidence of neuromuscular dysfunction were excluded from further tests. After the experiment, the position of the IT catheter was confirmed by injection of Evans Blue dye after laminectomy.

Tests of drugs were performed 1 week after catheterization. The experimental design consisted of two components: (1) Evaluation of the separate effects of morphine and CI-988: morphine (1, 2, 5, or 10 µg) and CI-988 (100, 200, or 500 µg) were intrathecally injected to test their effects on paw withdrawal threshold following SCI and the 50% effective dose (ED~50~) of each drug was determined; (2) Evaluation of the CI-988-morphine interaction: the drugs were studied in combination at the ratio of ED~50(CI-988)~:ED~50(morphine)~. CI-988 and morphine were co-administered at different combined doses of CI-988: morphine (in µg) as follows: 97.1:2.9, 48.5:1.5, 19.4:0.6, and 9.7:0.3, which corresponded to total doses of 100, 50, 20, and 10 µg, respectively. Paw withdrawal threshold was measured 30 min before and 15, 30, 45, 60, and 90 min after injection of the drugs. The investigator conducting the behavioral tests was blinded to the injected drug. More than one test was performed on some rats. The interval between repeated tests was at least 3 days. Drugs were injected IT in a volume of 10 µl followed by 10 µl of saline to flush the catheter. CI-988 was a generous gift from Pfizer Inc. (Groton, CT, USA).

All values are expressed as mean±SEM. The withdrawal threshold data for the right and left hindpaws were combined. The Friedman repeated measures of analysis of variance followed by multiple comparison tests were used to compare behavioral test results before and after drug administration for the same animal. To compare the antinociceptive effect of drugs, the % maximal possible effect (MPE) was calculated using the following formula: % MPE=(post-drug response-baseline)/(maximal response-baseline) ×100, where the maximal response was 15 g. The ED~50~ was defined as the dose of drug that produced 50% of the maximal effect, and the 95% confidence limit and the SE were calculated.

Isobolographic analysis was performed as described previously \[[@B17],[@B18]\]. First, the potency of the individual drugs was determined. The ED~50(CI-988)~ was plotted on the abscissa and the ED~50(morphine)~ on the ordinate. A theoretical simple additive line for a combination of the two drugs was generated by connecting the ED~50~ for CI-988 with that of morphine. The ED~50(mix)~ for the combination of CI-988 and morphine was calculated by linear regression of the dose-response curve.

The potency and 95% confidence limit of the two drugs were compared using a t-test with the theoretical additive value (ED~50(add)~) obtained from the formula ED~50(add)~=ED~50(CI-988)~/(p1+Rp2), where R is the potency ratio of CI-988 to morphine, p1 is the proportion of CI-988 in the total dose, and p2 is the proportion of morphine in the total dose. The Mann-Whitney U test was used to compare the effect of morphine at different time points. p values less than 0.05 were considered significant.

RESULTS
=======

Rats with SCI showed a significant decrease in paw withdrawal threshold to von Frey stimulation with maximal motor recovery 3 weeks after spinal hemisection, as in our previous report \[[@B19]\]. After implantation of the IT catheter the rats did not show impairment of motor function and maintained a decreased paw withdrawal threshold, which was interpreted as a behavioral sign of below-level neuropathic pain. The effects of IT morphine on the hindlimb withdrawal threshold to mechanical stimulation applied to the plantar surface of the both feet are shown in [Fig. 1A](#F1){ref-type="fig"}. All doses of IT morphine tested in this study except for 1 µg significantly and dose-dependently increased the withdrawal threshold, as in our previous report \[[@B16]\]. Morphine at 10 µg produced a small increase in CBS in some rats, but overall this was not significantly different from the value obtained before morphine injection (data not shown). This antinociceptive effect of significantly increased withdrawal threshold lasted over a period from 15 to 90 min after injection of each dose of IT morphine. The effect of a higher concentration of morphine (10 µg, n=17) peaked at 30\~45 min after injection. Saline had no effect on the responsiveness to mechanical stimuli with von Frey stimulation. The efficacy of IT morphine in increasing the withdrawal threshold to mechanical stimulation of both hindpaws is shown in [Fig. 1B](#F1){ref-type="fig"}. The maximal possible effect at a dose of 10 µg morphine was 75.40±5.77%. The ED~50~ value of IT morphine for increasing the withdrawal threshold to von Frey stimulation following spinal cord hemisection was 6.59 µg.

IT administration of CI-988 (100, 200, or 500 µg) significantly increased withdrawal threshold to mechanical stimulation applied to the plantar surface of foot in a dose-dependent manner ([Fig. 2A](#F2){ref-type="fig"}) without any change in motor function tested using CBS (data not shown). This result was similar to that of our previous report \[[@B8]\]. During this test time, the maximal increase in withdrawal threshold by higher doses of IT CI-988 (200 and 500 µg) was observed 15\~30 min after injection, and then gradually diminished but persisted for 90 min, whereas the increased withdrawal threshold induced by the lower dose of CI-988 (100 µg, n=21) lasted for 60 min after injection. Saline treatment as a control (n=8) did not change the withdrawal threshold throughout the test period. The efficacy of IT CI-988 in increasing withdrawal threshold to mechanical stimulation of the feet is shown in [Fig. 2B](#F2){ref-type="fig"}. The maximal effect at 500 µg CI-988 was 76.17±5.13%. The ED~50~ value of IT CI-988 for reducing the mechanical allodynia following spinal cord hemisection was 217.75 µg.

Since the ED~50~ values of IT CI-988 and IT morphine were 217.75 µg and 6.59 µg, respectively, the combined dose of CI-988 and morphine was selected at a fixed ratio of 33.05 (ED~50(CI-988)~/ED~50(morphine)~=217.75/6.59). The combined doses of CI-988:morphine used (97.1:2.9, 48.5:1.5, 19.4:0.6, and 9.7:0.3) corresponded to total doses of 100, 50, 20, and 10 µg. Morphine was injected 15 min before injection of CI-988 because of differences in the latency to peak effects between CI-988 and morphine, which occurred 15 and 30 min after injection, respectively. All combinations of IT CI-988 and IT morphine significantly increased the withdrawal threshold to mechanical stimulation applied to the plantar surface of foot compared to pre-drug values ([Fig. 3](#F3){ref-type="fig"}). The maximal increase in withdrawal threshold was observed 15 min after injection. With the lowest doses, paw withdrawal threshold significantly increased from 15 min to 45 min after injection. The mixed 100-µg dose of CI-988 and morphine (97.1:2.9) used in this study significantly increased the withdrawal threshold from 1.78±0.16 g to 8.84±1.03 g, compared with changes from 1.90±0.13 g to 3.85±0.63 g for 2 µg morphine, 1.72±0.14 g to 6.90±1.01 g for 5 µg morphine, and 1.42±0.14 g to 5.72±0.79 g for 100 µg CI-988 administered alone.

The ED~50~ of the combination of IT CI-988 plus IT morphine was 62.66 µg, plotted at (1.80, 60.86) on the morphine-CI-988 isobologram, whereas the theoretical additive ED~50~ for the combination CI-988 plus morphine was 112.17 µg plotted at (3.30, 108.87) ([Fig. 4](#F4){ref-type="fig"}). The graphic illustration on the isobologram shows that the confidence intervals of these two points do not overlap, suggesting that the combination represents a superadditive interaction.

DISCUSSION
==========

The present study demonstrates that blockade of spinal CCK with CI-988 enhances the analgesic efficacy of morphine in a model of central neuropathic pain following spinal cord hemisection. Intrathecal CI-988 increased the analgesic effects of morphine and intrathecal co-administration of CI-988 and morphine significantly increased paw withdrawal threshold following SCI. Furthermore, the analgesic effect of the combination of effective doses of CI-988 and morphine was greater than the sum of the individual effects of each drug. Our results were consistent with previous studies showing that CI-988 strongly potentiates the analgesic effect of morphine on neuropathic pain \[[@B9],[@B10],[@B11]\].

Intrathecally injected morphine and CI-988 significantly increased the paw withdrawal threshold in this study. Although there were no significant motor changes for all doses of IT CI-988 tested in the present study, slight motor depression was observed at the highest dose (10 µg) of IT morphine. The doses of morphine (1, 2, 5, and 10 µg) and CI-988 (100, 200, and 500 µg) used were chosen based on our previous study, in which these doses of each drug did not produce significant motor changes \[[@B8],[@B16]\]. The finding that application of morphine and CI-988 at lesion sites reduced neuropathic pain suggests that the lesion site could be a major target area for modulating pain transmission after SCI.

It is well known that neuropathic pain is insensitive to opioids, including morphine. Two possible mechanisms have been proposed to explain the loss of opioid efficacy on neuropathic pain: (1) Damage to the nervous system leads to decreased expression of mu-opioid receptors in the spinal cord \[[@B20]\]; (2) Increased levels of anti-opioid peptides such as CCK in the spinal cord \[[@B21],[@B22],[@B23]\]. CCK is an anti-opioid substance that is localized in areas involved in pain perception at supraspinal (periaqueductal gray, thalamus, and cortex) and spinal (dorsal horn) levels \[[@B24]\]. CCK might be released at the spinal level by the descending facilitatory pathways after injury and mediate pain via inhibition of the endogenous opioid system \[[@B25]\]. Earlier studies showed that the level of CCK increases after injuries to the spinal cord or peripheral nerves \[[@B6],[@B8],[@B23],[@B26]\] and that CCK is involved in pain modulation through its activity as an anti-opioid peptide \[[@B27],[@B28]\]. Activation of the endogenous CCK system after SCI may explain why morphine has a reduced effect on central pain as endogenous CCK may also antagonize exogenously administered opioids.

There is some evidence supporting the notion that CCK attenuates endogenous opioidergic pain control and reduces the analgesic effect of exogenous opioid \[[@B10],[@B11],[@B29]\]. Xu et al. \[[@B9]\] showed that CI-988 strongly potentiated the effects of morphine in spinally injured rats. In the present study, the low intrathecal doses of 100 µg CI-988 and 2 µg morphine produced only a slight analgesic effect because the ED~50~ values of IT CI-988 and IT morphine were 217.75 µg and 6.59 µg, respectively. However, the lower combined dose induced a prominent analgesic effect compared to that expected from simple additional effects of the two drugs. These findings suggest that spinal CCK decreases opioid analgesia in a chronic pain state after SCI. The phenomenon whereby blocking CCK increases opioid efficacy is not restricted to neuropathic pain following SCI, but has been reported in different types of pathological pain conditions including carrageenan-induced inflammation \[[@B30]\], peripheral nerve injury \[[@B7]\], and diabetic neuropathy \[[@B10]\]. However, the interaction of CCK and opioids in the spinal level and the possible regulatory function of CCK in the efficacy of opioids for central pain following SCI are less well explored.

In this study, the combination of singly ineffective doses of intrathecally administered CI-988 and morphine produced significant analgesic effects and, moreover, the combination of effective doses resulted in analgesic effects that were greater than the sum of the individual effects of each drug. This superaddictive effect was confirmed by an isobolographic analysis. This result is similar to that of a previous study by Xu et al. \[[@B9]\] in which CI-988 strongly potentiated the analgesic effects of morphine in ischemic SCI rats. On the other hand, it has been reported that co-administration of morphine and CI-988 produces different interactions depending on the nature of the pain \[[@B10]\]. For example, co-administration of CI-988 and opioid drug failed to elicit a significantly potentiated analgesic effect on neuropathic pain after sciatic nerve injury \[[@B10]\], whereas the same combination of drugs produced significant superadditive analgesic effect on neuropathic pain in experimental diabetes \[[@B10]\]. It is possible that the disparity in the effects of a combination of morphine and CI-988 on neuropathic pain reflects differences in CCK activation in different pain conditions.

As CCK is considered to be an important endogenous control for spinal opioid activity, CCKergic antagonists may have high clinical potential in the development of new therapeutic agents. Especially, concomitant use of opioid and non-opioid drugs, each at low dosage, offers the possibility of optimal effect for pain control while minimizing side effects. Because of the inefficacy and dose-related side effects of single analgesic drugs, various combinations of multiple drugs have been tested to achieve effective pain management for chronic pain \[[@B31]\]. Recently developed heterobivalent compounds containing an opioid agonist and a CCK antagonist (RSA 504 and RSA 601) were reported to reduce behavioral signs of neuropathic pain following spinal nerve ligation \[[@B32]\].

The efficacy of CCK antagonists to reduce chronic neuropathic pain in human patients has also been tested \[[@B33]\]. However, unlike rodent studies, in which the CCK-B receptor seems to be important in regulating opioid activity, CCK-A receptors may be involved in pain modulation in humans. Proglumide, a non-specific CCK antagonist, reduced neuropathic pain \[[@B33]\] and enhanced the analgesic efficacy of morphine \[[@B34]\]. In contrast, L365-260, a specific CCK-B antagonist, did not augment the effect of morphine \[[@B35]\].

In summary, our results demonstrated the efficacy of a combination of CI-988 and morphine on below-level neuropathic pain following SCI. The fact that a combination of IT CI-988 and IT morphine showed synergistic analgesic effects confirms the interaction of the CCKergic system with opioids. The results suggest a possible clinical application of CI-988 or similar drugs in the management of chronic central pain. Furthermore, the superadditive effect of combined CI-988 and morphine provides a new strategy for treatment for this type of central neuropathic pain after SCI and may lead to new pharmacological therapeutic agents that achieve optimal pain control while minimizing side effects.
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![Decreased paw withdrawal thresholds in SCI rats were significantly increased by IT morphine. (A) Effects of IT morphine on withdrawal threshold to mechanical stimulation applied to the plantar surface of the foot. Asterisks indicate significant difference from the pre-injection control value (PRE) (p\<0.05). (B) Analgesic dose-response curve for morphine plotted at the time of peak effect (30 min). Results are expressed as percent (%) of the maximal effect.](kjpp-19-125-g001){#F1}

![Decreased paw withdrawal thresholds in SCI rats were significantly increased by IT CI-988. (A) Time course of the effect of IT CI-988 on withdrawal threshold to mechanical stimulation applied to the plantar surface of the foot. Asterisks indicate significant difference from the pre-injection control value (PRE). (B) Analgesic dose-response curve for CI-988 plotted at the time of peak effect (15 min). Results are expressed as percent (%) of the maximal effect.](kjpp-19-125-g002){#F2}

![The combination of CI-988 and morphine produced analgesic effects that were greater than the sum of the individual effects of each drug. (A) Time course of the effect of the combination of CI-988 and morphine on withdrawal threshold to mechanical stimulation applied to the plantar surface of the foot. The treatments administered were a combination of CI-988 and morphine at the following doses: CI-988:morphine ratios (in µg) of 97.1:2.9, 48.5:1.5, 19.4:0.6, and 9.7:0.3. Asterisks indicate significant difference from the pre-injection control value (PRE). (B) Analgesic dose-response curve for a combination of CI-988 and morphine plotted at the time of peak effect (15 min). Results are expressed as percent (%) of the maximal effect.](kjpp-19-125-g003){#F3}

![Isobologram showing the effects of a combination of CI-988 and morphine on paw withdrawal threshold to mechanical stimulation. The dashed line represents the theoretical additive interaction. The interception of the dashed line on the ordinate and abscissa shows the observed ED~50~ values for morphine and CI-988 alone, respectively. The solid symbol represents the additive ED~50(add)~ for the combination of CI-988 and morphine (97.1:2.9%). The actual ED~50(mix)~ is represented by the open symbol. The standard errors for CI-988 and morphine are resolved into the corresponding components.](kjpp-19-125-g004){#F4}
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